Introduction
In multicellular organisms, cell-cell contacts regulate cell proliferation and dierentiation, and the disorders of these regulations result in oncogenesis and malformation. Various cell-cell junctions are implicated in the intercellular signal transductions (Kim, 1997) . The cell-cell junctions are composed of cell adhesion molecules, receptors for growth factors, signaling molecules implicated in the intracellular signal transductions, and proteins linking the junctions to the cytoskeletons. These components are not only simply accumulated, but also organized into the functional units. Recent studies have revealed the entity of scaolding proteins underlying the organized assembly of the components at the synaptic junctions (Garner and Kindler, 1996; Kennedy, 1994; Pawson and Scott, 1997) . These scaolding proteins have one or more PDZ domains, protein-interacting modules (Kennedy, 1995; Ponting and Philips, 1995; Fanning and Anderson, 1996; Sheng, 1996; Craven and Bredt, 1998; Hata et al., 1998) . The intercellular signal transduction between epithelial cells is presumed to be sustained by cell-cell junctions, such as tight and adherens junctions (Takeuchi, 1991; Anderson et al., 1993; Aberle et al., 1996; Gumbiner, 1996; Mitic and Anderson, 1998) . However, in contrast to synaptic junctions, the molecular mechanism of the assembly of the components of tight and adherens junctions is not clear. Tight and adherens junctions have several PDZ domain-containing proteins, such as ZO-1, -2, -3, SAP97/hDLG, afadin, and neurabin-11/spinophilin, which may function as scaffolding proteins (Itoh et al., 1993; Willott et al., 1993; Lue et al., 1994; Muller et al., 1995; Beatch et al., 1996; Allen et al., 1997; Mandai et al., 1997; Haskins et al., 1998; Reuver and Garner, 1998; Satoh et al., 1998) . The vulval induction in Caenorhabditis elegans (C. elegans) is a well characterized example of the intercellular signaling between non-neuronal cells. The gonadal anchor cell produces an EGF-like protein, which binds to the let-23 receptor tyrosine kinase (RTK) on the P6.p cell and subsequently activates the RTK/Ras signal cascade (Aroian et al., 1990; Beitel et al., 1990; Han and Sternberg, 1990; Hill and Sternberg, 1992 ). The precise localization of let-23 RTK at the epithelial junctions is essential for this signaling and requires two PDZ domain-containing proteins. The lin-2 protein is a membrane-associated guanylate kinase (GK) with one calmodulin kinase-like, one PDZ, one SH3, and one GK domain (Hoskins et al., 1996) . Its mammalian homologue, CASK, interacts with a neural adhesion molecule, neurexin, at synaptic junctions (Hata et al., 1996) , and also binds cell surface proteoglycans, syndecans, and an actin-binding protein, band 4.1, to form a link between the extracellular matrix and the actin cytoskeleton Hsueh et al., 1998) . The lin-7 protein is a small protein with one PDZ domain (Simske et al., 1996) . Tax interaction protein 33 (Tip33) is homologous to lin-7, and may be a mammalian homologue (Rousset et al., 1998) . However, the subcellular localization of Tip33 has not been studied. Here, we report rat homologues of lin-7 and show that these homologues are expressed at the junctional complex region in Madin-Darby canine kidney (MDCK) cells and at synaptic junctions in neurons.
Results

Identi®cation of rat homologues of Lin-7
GenBank database was searched by use of TBLASTN with the full-length amino acid sequence of C. elegans lin-7 protein as a query on December 8, 1996. The clone W75523 of Soares mouse embryo showed the highest homology besides the C. elegans lin-7 itself. PCR was performed on a mouse brain cDNA as a template with T-475 (gcggatccagagtcgcttctgctccgccatc) and T-476 (gcgtcgactacgccttttatggtgttcgcc) as primers to obtain a 400 base pair DNA fragment corresponding to the clone W75523. To obtain full-length clones of mammalian homologues of lin-7 (mlin-7), we screened 5610 6 clones from three rat brain cDNA libraries and obtained 376 positive clones. The sequencing of these clones revealed that there were three isoforms with one minor variant, and we named them rat lin-7-A, -Ba, -Bb, and -C. During this study, a partial sequence of human Tip33, which is homologous to lin-7, was reported with the accession number of AF028826 (Rousset et al., 1998) . Rat lin-7-Bb was highly homologous to human Tip33 and was considered to be rat Tip33.
To determine the sequence of each isoform, the following clones were closely analysed; prlin-7-31 and -122 for rat lin-7-A; prlin-7-6 for rat lin-7-Ba; prlin-7-40 and -374 for rat lin-7-Bb; and prlin-7-1 and -37' for rat Figure 1 Sequence of rat lin-7s. Amino acid sequences of C. elegans and rat lin-7s. Residues are shown in single letter codes. Residues conserved among ®ve, four, and three sequences are shown on red, light blue, and purple backgrounds, respectively lin-7-C. These genes were predicted to encode proteins composed of about 200 amino acids, which were much shorter than the product of C. elegans lin-7 (Figure 1) . The nucoeotide and predicted amino acid sequences of rat lin-7-A, -Ba, -Bb (rTip33), and -C have been deposited in GenBank (accession No AF090133, 090134, 090135, and 090136, respectively) .
To con®rm whether these clones encoded the full length proteins, the eukaryotic expression constructs, pCMV rlin-7A and -C, were prepared from prlin-7-31 and -37', respectively, and transfected into COS cells. The anti-rat lin-7-C antibody recognized a 28 kDa protein in COS cells transfected with pCMV rlin-7-A and a 26 kDa protein in COS cells transfected with pCMV rlin-7-C, respectively ( Figure 2 ). This antibody also recognized a 26 kDa protein in COS cells transfected with pClneo rlin-7-Ba ( Figure 2 ). COS cells transfected with pClneo rlin-7-Bb expressed 32 and 31 kDa proteins. Since the sequence of rat lin-7-Bb had another methionine at 39 bases upstream to the methionine shown in Figure 1 , the 32 and 31 kDa proteins may be the products transcribed from the ®rst and second methionines, respectively, or the 31 kDa protein may be simply a degraded product. The synaptic plasma membrane (SPM) fraction had four proteins from 26 ± 32 kDa. MDCK cells had only a 26 kDa protein. These native proteins had molecular masses similar to those of the products of the clones we obtained, although it is dicult to conclude which band corresponds to each isoform. The antibody against rat lin-7-A also reacted with all the isoforms and recognized the same proteins in the SPM fraction and MDCK cells (data not shown).
Tissue distribution of rat Lin-7
Western blot analysis using the anti-rat lin-7-C antibody revealed that this antibody recognized 31 and 26 kDa proteins in brain and liver, and only a 26 kDa protein in lung and kidney ( Figure 3A ). Thirtyone and 26 kDa proteins were very faintly detected in spleen, too. Brain also has a very faint 28 kDa band. Similar results were obtained with the anti-rat lin-7-A antibody (data not shown). Northern blot analysis revealed a 2-kilobase pair message of rat lin-7-A in heart, brain, spleen, lung, liver, skeletal muscle, kidney, and testis ( Figure 3B ). Northern blot analysis with rat lin-7-Ba probe revealed unexpectedly large 7-kilobase Figure 2 Expression of rat lin-7. The homogenates of COS cells transfected with the expression construct of each rlin-7, the SPM fraction of rat brain, and the MDCK cell homogenates, were immunoblotted with the anti-rat lin-7-C antibody. Lane 1, the control; lane 2, with pCMV rlin-7-A; lane 3, with pClneo rlin-7-Ba; lane 4, with pClneo rlin-7-Bb; lane 5, with pCMV rlin-7-C; lane 6, the SPM fraction (15 mg of total protein); lane 7, the MDCK cell homogenates (15 mg of total protein) Figure 3 Tissue distribution of rat lin-7s. (A) Western blot analysis of various rat tissues. Equal aliquots of various rat tissue homogenates (25 mg of protein each) were immunoblotted with the anti-rat lin-7-C antibody. (B) Northern blot analysis of rat lin-7-A. A blot with 2 mg of mRNA from rat tissues were hybridized with a uniformly labeled rat lin-7-A, and exposed at 7808C for 2 days. (C) Northern blot analysis of rat lin-7-Ba. A blot with 2 mg of mRNA from rat tissues was hybridized with a uniformly labeled rat lin-7-Ba, and exposed at 7808C for 4 days. (D) Northern blot analysis of rat lin-7-C. A blot with 2 mg of mRNA from rat tissues was hybridized with a uniformly labeled rat lin-7-C, and exposed at 7808C for 2 days. Lane 1, heart; lane 2, brain; lane 3, spleen; lane 4, lung; lane 5, liver; lane 6, skeletal muscle; lane 7, kidney; lane 8, testis pair messages in brain, spleen, lung, liver, kidney, and testis ( Figure 3C ). Liver and testis also had 1.5-kilobase pair messages ( Figure 3C ). Northern blot analysis with rat lin-7-C showed 4-and 2-kilobase pair messages in all the tissues tested ( Figure 3D ). These ®ndings indicated that all rat lin-7s were ubiquitously expressed.
Localization of mammalian Lin-7 at the junctional complex region in MDCK cells
In C. elegans, the lin-7 protein is expressed at epithelial junctions and determines the localization of the let-23 RTK (Simske et al., 1996) . To investigate into the functions of mlin-7, we tested the subcellular localization of mlin-7 in con¯uent monolayers of polarized MDCK cells. The xy sections at the level of the apical junction indicated that mlin-7 was localized at cell-cell contacts ( Figure 4A ). At the xz sections, mlin-7 was slightly enriched at the apex of the lateral membrane and also detected along the lateral membrane at the more basal level ( Figure 4B ). E-Cadherin was localized along the lateral membrane ( Figure 4C ), whereas ZO-1 was localized only at the apex ( Figure 4D ).
Recent studies have revealed that the cadherin-based cell-cell adhesions are regulated by Rac1 small GTPbinding protein (Rac1) (Braga et al., 1997; Takaishi et al., 1997) . We checked the localization of mlin-7 in MDCK cell lines stably expressing a dominant active (V12Rac1) or negative (N17Rac1) mutant of Rac1. In the V12Rac1, the amount of mlin-7 did not signi®cantly change (Figure 5Aa , Ab, Ba and Bb), while the amount of E-cadherin at cell-cell contacts was increased ( Figure  5Ac , Ad, Bc and Bd). In the N17Rac1, the amount of lin-7 did not change (Figure 5Ca and Cb), while the amount of E-cadherin decreased (Figure 5Cc and Cd). These ®ndings suggested that mlin-7 behaved dierently from E-cadherin. Consistently, in the MDCK cells exposed to the low Ca 2+ environment, E-cadherin was rapidly endocytosed (Figure 6Ab ), while some mlin-7 was detected at the plasma membrane even after the 4 h incubation (Figure 6Aa ). When MDCK cells were treated with phorbol 12-myristate 13-acetate (PMA), a tight junction-like structure appeared and mlin-7 was accumulated with ZO-1 at the cell-cell contacts ( Figure   6Ba and Bb), suggesting that mlin-7 may cooperate with ZO-1 to form the cell-cell contacts. Under the PMA treatment, E-cadherin was not accumulated at the cellcell contacts unlike m-lin-7 (Figure 6Ca and Cb).
Localization of mammalian Lin-7 at synaptic junctions
Synaptic junctions have similar characters to tight and adherens junctions, and several components are common to these junctions. Next, we determined the localization of rat lin-7s in neurons. Rat primary cultured hippocampal neurons were immunostained with the anti-rat lin-7 antibodies. Because the antibodies used crossreacted with all the isoforms, the signals represented the summation of those of all rat lin-7s. Rat lin-7s were diusely distributed in the cell body and the neurites (Figure 7Aa) . A few punctuate stainings were detected (Figure 7Aa , inset), which were also detected with the anti-NMDAR1 (N-methyl-Daspartate receptor 1) antibody (Figure 7Ab ). In the subcellular distribution of rat brain, rat lin-7s were recovered in various fractions including the synaptosomal cytosol, vesicle, and membrane fractions ( Figure  7B ). The signi®cant amount of rat lin-7s remained insoluble in the 0.5% (w/v) Triton X-100 extraction, but most rat lin-7s were extracted in 1.0% (w/v) Triton X-100 ( Figure 7B ). These results suggest that some rat lin-7s are localized at synaptic junctions, although the association with the junctions is not so tight.
Discussion
We have reported here three rat homologues of lin-7 and characterized the subcellular localizations in nonneuronal epithelial cells and neurons. All the isoforms of rat lin-7 are ubiquitously expressed in various tissues at various levels, although the expression patterns of each isoform need to be further examined. In MDCK cells, a 26 kDa protein is recognized with the anti-rat lin-7 antibodies, which may be a canine lin-7-Ba and/or -C. This mlin-7 is expressed at the junctional complex region. The tight and adherens junctions are not distinctly separated in MDCK cells, and mlin-7 is localized from the apex to the basal membrane along the lateral membrane. E-Cadherin is localized at the junctional complex region of MDCK cells and plays essential roles in the establishment of the cell-cell adhesion (Takeichi, 1991; Aberle et al., 1996) . The distribution of mlin-7 is overlapped by that of Ecadherin, and mlin-7 may function in the cadherinbased cell-cell adhesion. However, in MDCK cells expressing a dominant active or negative Rac1 mutant, mlin-7 behaves dierently from E-cadherin, suggesting that mlin-7 is not directly related to the function of Ecadherin. Actually, mlin-7 is likely to be involved in the formation of the cadherin-independent tight junctionlike structure in the PMA-treated MDCK cells. To determine the function of mlin-7 in epithelial cells, it will be necessary to examine its localization in intestinal epithelial cells by electronmicroscopy. Afadin, a PDZ domain-containing actin-binding protein (Mandai et al., 1997) , is also localized at the junctional complex region in MDCK cells, remains at the membrane in the low Ca 2+ conditons, and is involved in the formation of the tight junction-like structure in PMA treatment (Sakisaka et al., 1999) . MLin-7 and Afadin may belong to a group of proteins which play similar roles in the formation of cell-cell junctions.
In C. elegans, lin-2, -7, and -10 localize the let-23 RTK. The mammalian homologue of lin-2, CASK, binds syndecans which form a complex with RTK such Figure 7 Localization of mammalian lin-7 (mlin-7) at synaptic junctions. (A) localization of rat lin-7 in rat primary cultured hippocampal neurons. Rat hippocampal neurons were double-stained with the polyclonal anti-rat lin-7-C and monoclonal anti-NMDAR1 antibodies. (a) rat lin-7; (b) NMDAR1. The scale bar indicates 10 mm. (B) Western blot of the subcellular fractions of rat brain. Equal aliquots of the subcellular fractions of rat brain (25 mg of protein each) were immunoblotted with the anti-rat lin-7-C antibody. Lane 1, the homogenate; lane 2, the nuclear pellet; lane 3, the crude synaptosome; lane 4, the cytosolic synaptosome; lane 5, the crude synaptosomal pellet; lane 6, the crude synaptic vesicle; lane 7, the lysed synaptosomal membrane; lane 8, the synaptic plasma membrane (SPM); lane 9, the 0.5% (w/v) Triton X-100 soluble fraction of the SPM; lane 10, the 0.5% (w/v) Triton X-100 insoluble fraction of the SPM; lane 11, the 1% (w/v) Triton X-100 soluble fraction of the SPM; lane 12, the 1% (w/v) Triton X-100 insoluble fraction of the SPM as a basic ®broblast growth factor receptor in the epithelial cells . Although we cannot detect an interaction of mlin-7 with EGF receptor, ErbB2, or ErbB4 (data not shown), mlin-7 may interact with and localize some receptor at the tight and/or adherens junctions, and may be essential for intact intercellular signal transductions. After the submission of this paper, the sequences of three mammalian lin-7 homologues were reported (Butz et al., 1998) . These homologues were shown to make a ternary complex with CASK and X11/Mint in synapses (Duclos et al., 1993; Okamoto and Sudhof, 1997) . The gene which had originally been reported as C. elegans lin-10 turned out to be incorrect, and the gene homologous to X11/Mint is now identi®ed to be an authentic C. elegans lin-10 ( Rongo et al., 1998) . The products of lin-2, lin-7, and lin-10 also make a complex in C. elegans (Kaech et al., 1998) . Therefore, the interaction of lin-2, lin-7, and lin-10 is conserved from C. elegans to mammalians. MLin-7 may physically interact with CASK and X11/Mint to form cell-cell junctions in epithelial cells as well as in synapses in mammalians.
Materials and methods
cDNA cloning
Rat brain cDNA libraries (Stratagene, Clontech) were screened with the a 32 P-dCTP labeled random-primed probes derived from the PCR product (Hata et al., 1996) .
Construction of expression vectors
Various expression vectors were constructed using pClneo (Promega), pCMV5 (a generous gift of Dr David Russell, University of Texas), pGex4T-1 (Amersham Pharmacia Biotech), and pMalC2 (New England BioLabs). pMal rlin-7-1 and pGex rlin-7-329-2 contained residues 16-211 of rat lin-7-A and 1-197 of rat lin-7-C, respectively. pCMV rlin-7-A and -C were constructed by ligating the BamHI/SalI fragments from prlin-7-31 and prlin-7-37' into BglII/SalI sites of pCMV5. To obtain pClneo rlin-7-B and pClneo rTip33, oligonucleotides, T-978 (gcaacgcgtatggcgacattgacagtggtc), T-979 (gctgcggccgctactggtattttcttttcctttt), T-1053 (gcaacgcgtctgatgctgaagccgagcgtc), and T-1054 (gctgtcgactatgacatgtggttttgttgtgg), were designed based on the sequences of prlin-7-6 and prlin-7-374, and polymerase chain reactions (PCR) were performed on rat brain cDNAs with T-978/T-979 and T-1053/T-1054 as primers. PCR products were ligated into MluI/NotI and MluI/SalI sites of pClneo, respectively.
Antibodies
Rabbit antibodies were raised against the products of pMal rlin-7-1 (anti-rat lin-7-A) and pGex rlin-7-329-2 (anti-rat lin-7-C), and puri®ed (Takeuchi et al., 1997) . Rat monoclonal anti-E-cadherin and anti-ZO-1 antibodies were purchased from Takara and Chemicon, respectively. A mouse monoclonal anti-NMDAR1 antibody was a generous gift of Dr Nils Brose (Max-Planck-Institut).
Cell cultures and transfections
MDCK-1 cells were supplied from Dr Walter Birchmeier (Max-Planck-Institut) (Behrens et al., 1989) , and described as MDCK cells in this study. MDCK and COS cells were cultured in Dulbecco's modi®ed Eagle medium (DMEM) supplemented with 10% fetal calf serum, 100 units/ml penicillin, and 100 units/ml streptomcyin under 10% CO 2 at 378C. MDCK cells stably expressing a dominant active (V12Rac1) or negative (N17Rac1) mutant of Rac1 were described previously (Takaishi et al., 1997) . Ca 2+ switch and PMA treatment experiments using MDCK cells were performed as described (Kartenbeck et al., 1991) . COS cells were transfected with the DEAE dextran method (Takeuchi et al., 1997) .
Immunocytochemistry
Rat primary cultured hippocampal neurons and MDCK cells were ®xed with 4% (w/v) paraformaldehyde and 1% (w/v) formaldehyde, and permiabilized with 0.1% (w/v) and 0.2% (w/v) Triton X-100, respectively. After blocking with either 20% (w/v) Block Ace TM (DAI NIPPON Pharmaceuticals) or 1% (w/v) bovine serum albumin (Sigma), the cells were immunostained with various antibodies, and visualized with rhodamine-conjugated anti-rabbit and¯uorescent-isothiocyanate-conjugated anti-mouse IgG antibodies absorbed for dual labeling (Chemicon). The image was obtained by the laser scanning confocal imaging system MRC-1024 (Bio-Rad).
Miscellaneous procedures
The subcellular fractionation of rat brain, primary cultures of rat hippocampal neurons, SDS ± polyacrylamide gel electrophoresis, and protein determination were performed as described (Takeuchi et al., 1997) . Northern and Western blottings were performed using multiple tissue Northern blots (Clontech) and ECL reagents (Amersham Pharmacia Biotech), respectively.
